Pih1 is a scaffold protein of the Rvb1-Rvb2-Tah1-Pih1 (R2TP) protein complex, which is conserved in fungi and animals. The chaperone-like activity of the R2TP complex has been implicated in the assembly of multiple protein complexes, such as the small nucleolar RNA protein complex. However, the mechanism of the R2TP complex activity in vivo and the assembly of the complex itself are still largely unknown. Pih1 is an unstable protein and tends to aggregate when expressed alone. The C-terminal fragment of Pih1 contains multiple destabilization factors and acts as a degron when fused to other proteins. In this study, we investigated Pih1 interactors and identified a specific interaction between Pih1 and the proteasome subunit Rpn8 in yeast Saccharomyces cerevisiae when HSP90 co-chaperone Tah1 is depleted. By analyzing truncation mutants, we identified that the C-terminal 30 amino acids of Rpn8 are sufficient for the binding to Pih1 C terminus. With in vitro and in vivo degradation assays, we showed that the Pih1 C-terminal fragment Pih1(282-344) is able to induce a ubiquitin-independent degradation of GFP. Additionally, we demonstrated that truncation of the Rpn8 C-terminal disordered region does not affect proteasome assembly but specifically inhibits the degradation of the GFP-Pih1(282-344) fusion protein in vivo and Pih1 in vitro. We propose that Pih1 is a ubiquitin-independent proteasome substrate, and the direct interaction with Rpn8 C terminus mediates its proteasomal degradation. . 2 The abbreviations used are: R2TP, Rvb1-Rvb2-Tah1-Pih1 complex; DHFR, dihydrofolate reductase; DHFR ts , temperature-sensitive dihydrofolate reductase; snoRNP, small nucleolar RNA protein; Ni-NTA, nickel-nitrilotriacetic acid; R2P, Rvb1-Rvb2-Pih1; RP, regulatory particle; suc, succinyl; AMC, aminomethylcoumarin; Ub, ubiquitin; CS, CHORD-containing proteins and SGT1; MPN, Mpr1 and Pad1 N termini; UB4DHFR, Ub-Ub-Ub-Ub-DHFR fusion protein. FIGURE 4. Pih1(282-344) is sufficient to bind to Rpn8. Shown is immunoblotting analysis of co-purified Rpn8 using Ni-NTA. His 6 -tagged GFP and His 6tagged GFP-Pih1(231-344) (A) or His 6 -tagged GFP-Pih1(282-344) (B) was mixed with untagged Rpn8 and purified with Ni-NTA. Anti-Rpn8 and anti-GFP antibodies were used to analyze the co-purified proteins.
The R2TP 2 complex, which is composed of Rvb1, Rvb2, Tah1, and Pih1, was first discovered in baking yeast (1) and is required for box C/D small nucleolar RNA protein (snoRNP) complex assembly and thus for the ribosomal RNA biogenesis (2) . R2TP is a conserved protein complex and has also been identified in mammalian cells (3) (4) (5) , fruit fly (6) , plasmodium (7) , and many other fungi species (8) , whereas it is absent in higher plants (9) . There are more than 70 different snoRNP complexes that are directly involved in ribosomal RNA processing, a critical step for ribosome assembly that requires a total of more than 200 assembly factors (10) . The assembly of R2TP complex in vivo is also a highly dynamic process and is regulated by the molecular chaperone HSP90 and nutrition status (11) . However, the mechanism by which R2TP controls box C/D snoRNP complex assembly is still largely unknown.
Pih1, the scaffold protein within the R2TP complex, mediates the interaction between Tah1 and Rvb1-Rvb2 and subsequently controls the biogenesis of box C/D snoRNP (2, 3) . Tah1 recruits HSP90 and protects Pih1 from degradation in vivo (12, 13) . Pih1 interacts directly with Nop58, one of the core protein subunits in box C/D snoRNP (11) and affects its stability (14) . Pih1 also interacts with Rsa1, another snoRNP assembly factor through which the R2TP complex may interact with the snoRNP core protein Snu13 (15) . Similar to the role of Tah1 in protecting Pih1, a small protein, Hit1, was also identified to interact with and protect Rsa1, thus revealing a complex regulatory network controlling snoRNP assembly in vivo (16) . The human R2TP complex was also shown to aid in the assembly of RNA polymerase II complex (17) . Human Pih1 homologue Pih1D1 interacts with phosphorylated Tel2 and recruits the R2TP complex in the assembly of PIKKs (phosphatidylinositol 3-kinase-related kinases) (18) .
Yeast Pih1 contains a Pih1 domain in its N-terminal fragment (9) . The atomic structures of the Pih1 domain have been solved for both yeast and human homologues (19, 20) . The Pih1 domain adopts an unusual ␤␤␣␤␤␤␣␣ topology. The ␤-sheet forms an interface that specifically binds a phosphorylated DSDD motif in Tel2 (19) . The length of Pih1 C-terminal fragment varies among species. The yeast Pih1 C-terminal fragment contains a CS domain, which also appears in other proteins, such as HSP90 co-chaperones p23 and Sgt1 (21, 22) , and interacts with HSP90 directly (23) . The Tah1 C-terminal fragment forms a constitutive interaction with the Pih1 CS domain through main chain interactions, in one way by forming ␤-strand to extend the ␤-sheet of the Pih1 CS domain and in the other way by bridging the edges of the two ␤-sheets of the CS domain (20) . The tight interaction between Tah1 and Pih1 has also been observed when they are co-expressed in Escherichia coli (24) . In contrast, expressing individual fragments is prob-lematic, and Pih1 is prone to degradation in vivo in the absence of Tah1 (2) .
In addition to a Pih1 domain and a CS domain, we previously showed that Pih1 also contains two intrinsically disordered regions that are essential for the binding to the Rvb1-Rvb2 AAAϩ family DNA helicases (8) . Intrinsically disordered regions are important features of a protein, and they often mediate protein-protein interaction or are involved in posttranslational regulation of the protein activities (25) . Additionally, we previously showed that the Pih1 extreme C-terminal fragment, Pih1(282-344), contains multiple destabilization elements sufficient to induce fast degradation of well folded proteins, such as GFP, in vivo (8, 12) . Therefore, Pih1 is a multidomain scaffold protein responsible for binding different interacting partners, whereas the stability and turnover of Pih1 in vivo is probably controlled by a complex mechanism.
In this study, we further investigated the role of the Pih1 C-terminal fragment in the assembly of R2TP complex and identified the proteasome lid subunit Rpn8 as a Pih1 interacting partner. By in depth analysis of protein interactions using both in vivo and in vitro pull-down assays, we discovered a specific interaction between Pih1 and Rpn8 mediated by their C-terminal fragments. Tah1 and Rpn8 exclusively bind to the Pih1 C terminus. We also showed that the association of Pih1 to Rpn8 leads to proteasomal degradation of Pih1 in a ubiquitin-independent manner. Our study therefore not only provides mechanistic insights into the Pih1 cellular proteostasis but also reveals a novel binding site on the 26S proteasome that mediates ubiquitin-independent degradation of Pih1.
Experimental Procedures
Plasmid Construction-The plasmid pET22b-UB4DHFR-CytB-His 6 was constructed by amplifying the fusion protein coding sequence from pGEM3Z-UB4DHFR-Cytb-His 6 (26) and insertion into the NdeI/HindIII sites of pET22b. To construct the plasmid expressing DHFR-CytB-His 6 , the DHFR-CytB-His 6 coding sequence in pET22b-UB4DHFR-CytB-His 6 was cleaved with NcoI and HindIII and inserted into pPro-EXHTb. The plasmids expressing GFP-Pih1(231-344) and GFP-Pih1(282-344) in E. coli and yeast were described previously (8) . GFP-Pih1(282-344⌬K) expressed from p415GPD vector was constructed by replacing the Pih1(282-344) coding sequencing (EcoRI/HindIII) with a new EcoRI/HindIII fragment that was synthesized as oligonucleotides and annealed together, in which the codons for lysine were replaced by arginine codons. Plasmid p415GPD-Ub-Arg-DHFR ts , which expresses the ubiquitin-dependent model substrate DHFR ts , was generated by amplifying Ub-Arg-DHFR ts from pRS315-Kan-Ura3Pro-Ub-Arg-DHFR ts (a kind gift of Dr. Charlie Boone, University of Toronto) and inserting the fragment between the XbaI and HindIII sites of p415GPD. To construct GST fusion proteins for the Rpn8 C-terminal fragments, the Rpn8(291-338) and Rpn8(309 -338) coding sequences were amplified and cloned into the NcoI/BamHI sites of pETM30 vector. The GST protein alone was expressed and purified from plasmid pGEX2TK. NusA-His 6 -Pih1 fusion protein construct was made by cloning the Pih1 coding sequence into the NcoI/BamHI sites of pETM60. The construction of plasmids p414GPD-Tah1 and p414GPD-Pih1 was described previously (2) . The expression and purification of proteins Pih1 and Pih1(1-230) were also described previously (12) . All constructs were confirmed by sequencing.
Yeast Strains-PCR-based gene tagging was used to generate C-terminal 3ϫFLAG-tagged Rpn8, Rpn8(1-323), Rpn8(1-308), Rpn8(1-290), or Rpn1 in yeast W303 (MATa leu2-3,112 trp1-1 can1-100 ura3-1 ade2-1 his3- 11, 15 ) and MHY501 (S288C, MATa his3-⌬200 leu2-3,112 ura3-52 lys2-801 trp1-1 gal2) (27) . pFA6a-3ϫFLAGkanMX6 was used as a PCR template, and the PCR product was incorporated into the yeast genome through homologous recombination (28) . Uba1 wild type-like strain (W303, MATa uba1::KANMX, [pRS313-UBA1], can1-100, leu2-3,-112, his3-11,-15, trp1-1, ura3-1, ade2-1) and the uba1-204 mutant strain (W303, MATa uba1::KANMX, [pRS313-uba1-204], can1-100, leu2-3,-112, his3-11, trp1-1, ura3-1, ade2-1) were described previously (29) . Yeast strain tah1⌬ (S288C, MATa leu2 his3 lys2 can1:: STE2pr-Sp_his5 tah1⌬::NAT) was also described previously (2) . All strains used in this study are included in Table 1 .
In Vitro Pull-down Assays-The 3ϫFLAG-tagged Pih1 complexes were purified using anti-FLAG antibody resin according to an established procedure (30) . The 26S proteasome was purified using 3ϫFLAG-tagged Rpn8, C-terminally truncated Rpn8, Rpn1, or Pre1 in the presence of 5 mM ATP and ATP regeneration system according to the procedure described previously (31) . To purify the 19S complex, similar procedures were applied but without including the ATP or ATP regeneration system. 20S proteasome was purified using FLAG-tagged Pre1 without including ATP and ATP regeneration system. The expression and purification of all other proteins were performed from E. coli BL21 (DE3) pRIL cells by using either Ni-NTA (Qiagen) or glutathione-agarose (Sigma) according to the manufacturer's instructions. 3ϫFLAG-tagged, His 6 -tagged, and GST fusion protein complexes were eluted using 3ϫFLAG peptide, 250 mM imidazole, and reduced glutathione, respectively.
In Vitro Protein Degradation Assay-50 nM 26S or 20S proteasomes and substrates, such as 80 nM UB4DHFR, 100 nM DHFR, or 150 nM Pih1, were combined in the following buffer: 50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 100 M creatine phosphate, 4 units/ml creatine kinase, 5 mM MgCl 2 , 1 mM ATP, and 10% glycerol. When proteasome inhibitors were used, 80 M MG132 (Boston Biochem, I-130) and 50 M lactacystin (Boston Biochem, I-114) at the final concentrations were included in the reaction mixture. The reaction was carried out at 30°C, and the reaction was stopped by incubating the reaction aliquots in 2ϫ SDS Laemmli buffer for 10 min at 95°C.
In Vivo Protein Stability Assay-GFP-Pih1(282-344) or DHFR ts was expressed from plasmid p415GPD under the constitutive GPD promoter (32) in vivo from the following strains: TetO 7 -controlled RPN8, RPN11, and RPT2 strains; uba1-204 mutant strain, or yeast strains that have the full-length Rpn8 (Rpn8(1-338)FLAG) or C-terminally truncated Rpn8 (Rpn8(1-308)FLAG, Rpn8(1-290)FLAG). For the different Rpn8 C-terminally truncated mutants, both W303 and S288C genetic background cells were used. The degradation was performed at either 30 or 37°C as indicated after inhibition of the
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protein translation using 50 g/ml cycloheximide. Specifically, to analyze the protein stability in TetO 7 -controlled strains, the cellsharboringGFP-Pih1(231-344)orGFP-Pih1(282-344)construct were grown at 30°C overnight and then re-inoculated into SDϪLeu liquid media to a density of 0.05 at A 600 . The cultures were then grown with the addition of 10 g/ml doxycycline until the latest stages, when the growth of respective cells was not significantly different from that of the untreated cells, whereas the expression of the controlled proteins has been significantly repressed. The remaining GFP fusion proteins or DHFR ts at different time points was monitored by immunoblotting using anti-GFP or anti-DHFR antibodies. The data were plotted and fit to first order decay kinetics using Origin.
Yeast Dilution Series Assay-Rpn8(1-338)FLAG, Rpn8(1-308)FLAG, and Rpn8(1-290)FLAG yeast cells in either W303 or S288C genetic background were grown overnight in YPD medium. The cells were diluted to an optical density of 2.0 measured at 600 nm. The cells were diluted 10-fold in a dilution series. 10 l of each culture was inoculated onto YPD plates using a solid pin replicator (VP Scientific, Inc.), and cells were grown for 36 h.
Size Exclusion Chromatography-Size exclusion chromatography was used to separate complexes of the 26S proteasome, 20S proteasome, and 19S proteasome. Cell lysates from Rpn8(1-338)FLAG, Rpn8(1-308)FLAG, Rpn8(1-290)FLAG yeast (W303, MATa his3-⌬200 leu2-3,112 ura3-52 lys2-801 trp1-1 gal2) was directly loaded into Superose 6 10/300 GL column attached to ÄKTA (GE Healthcare) FPLC system. The column was equilibrated with a low salt running buffer (50 mM Tris-HCl, pH 7.5, 5 mM MgCl 2 , 1 mM ATP, and 10% glycerol, 150 mM NaCl) or a high salt running buffer that included 1 M NaCl instead.
Antibodies-Anti-GFP antibody (G1544), anti-FLAG antibody (F1804), and anti-DHFR antibody (D1067) were purchased from Sigma. Rabbit anti-Rpn8 antibody was a kind gift of Dr. Daniel Finley (Harvard University). Anti-His 6 antibody was purchased from Cell Signaling Technology (catalog no. 2365). Monoclonal anti-Rpt1, anti-Pre10 antibodies were kind gifts of Dr. William Tansey (Vanderbilt University). Polyclonal anti-Tah1 and anti-Pih1 antibodies were raised and described previously (2) . Polyclonal anti-GST antibody (G7781) was purchased from Sigma.
Results

Pih1 C-terminal Fragment Triggers Proteasome-dependent
Fusion Protein Degradation-To understand the molecular mechanism of protein degradation induced by the Pih1 C-terminal fragment, we first examined the degradation of GFP-Pih1(231-344) in yeast cells that have RPN8, RPT2, or RPN11, three of the 26S proteasome regulatory particle genes, controlled under the TetO 7 promoter (32) . The choice of TetO 7controlled yeast strains allows us to switch off the expression of the controlled gene upon the addition of doxycycline ( Fig. 1A ). Because Rpn8, Rpt2, and Rpn11 have very different half-lives (33), we monitored the growth of TetO 7 -RPN8, TetO 7 -RPT2, and TetO 7 -RPN11 strains after treatment with 10 g/ml doxycycline. The degradation of GFP-Pih1(231-344) was then analyzed after 10-, 2-, and 10-h treatment, respectively, for the three strains. We observed that, at these time points, the cell density was not significantly affected, whereas the expression of the TetO 7 -controlled protein has already been significantly reduced, as shown by examining the integrity of purified 26S proteasome ( Fig. 1B) or the relative amount of 26S proteasome in total cell lysate ( Fig. 1C ). As shown in Fig. 1 , D-F, the degradation of GFP-Pih1(231-344) was slower in all cells when the TetO7-controlled subunits were repressed by application of doxycycline. Because GFP-Pih1(231-344) was not degraded as fast as GFP-Pih1(282-344), due to the binding to and protection by other partners, such as Tah1 (8), we tested the degradation of GFP-Pih1(282-344) in TetO 7 -RPN8 strains. As shown in Fig. 1G , GFP-Pih1(282-344) is degraded quickly in cells treated with DMSO only, whereas its degradation is significantly impaired with the RPN8 gene being repressed. These data suggest that in vivo degradation of both GFP-Pih1(231-344) and GFP-Pih1(282-344) is dependent on the 26S protea- some, and Pih1(282-344) induces a much faster degradation of GFP, also in agreement with our previous observations (8) .
To further understand whether the protein degradation triggered by the Pih1 C-terminal fragment is specific to the 26S proteasome, we purified the 26S proteasome as well as the 20S proteasome ( Fig. 2A shows example subunit profiles and the activity of the 26S proteasomes) and used them to degrade fulllength Pih1, which was expressed and purified from E. coli. Interestingly, although the purified Pih1 was not polyubiquitinated, it was degraded by 26S proteasome in vitro. The degradation was inhibited by the specific inhibitors MG132 and lactacystin ( Fig. 2B, top) , whereas the 20S core particle did not degrade Pih1 well (Fig. 2B, bottom) . Additionally, the degradation of Pih1 seems to be mainly attributed to the C-terminal fragment, because Pih1(1-230) was not degraded as efficiently as the full-length Pih1 by 26S proteasome (Fig. 2B, top) . As controls, the purified 26S proteasome was able to degrade a model ubiquitin fusion substrate UB4DHFR (26) well, but not the non-ubiquitinated DHFR (Fig. 2C ). Taken all together, these data suggest that the Pih1 protein, especially the Pih1 C-terminal fragment, might have a specific structural feature that could be recognized by the 26S proteasome, thus inducing proteasome-dependent degradation.
Pih1 Interacts Directly with the Proteasome Lid Subunit Rpn8 -Pih1 mediates the interaction between Rvb1-Rvb2 and Tah1, and, without Tah1, it is degraded rapidly in yeast cells (2, 8) . After carefully examining the Rvb1-Rvb2-Pih1 (R2P) complex purified from cells lacking Tah1, we noticed a couple of bands at about 40 kDa that were not noticeable in the R2TP complex purified from wild type yeast cells (Fig. 3A) . These enriched bands were also visible in our previous studies ( Fig. 2C in Ref. 2) . We tried a large scale purification and analyzed the FIGURE 1. Repression of the proteasomal subunits inhibited Pih1 fusion protein degradation in vivo. A, dilution assay to show growth inhibition by doxycycline (DOX; 10 g/ml) of the three strains that have RPN8, RPT2, or RPN11 controlled by the TetO 7 promoter. The cells were grown for 36 h. B, SDS-PAGE and Coomassie Blue staining of proteasomes purified using FLAG-tagged Pre1 from cells with RPN8, RPT2, or RPN11 controlled by the TetO 7 promoter and carrying p415GPD-GFP-Pih1(231-344) in the presence or absence of doxycycline. The cells were treated with doxycycline for 10, 2, and 10 h, respectively. The purification was performed with an ATP regeneration system. C, 4% native PAGE of total cell lysates prepared from cells treated as in B was run, and then in-gel peptidase activity assay using suc-LLVY-AMC was performed with 0.05% SDS included in the substrate solution. D-G, yeast cells carrying p415GPD-GFP-Pih1(231-344) and with RPN8 (D), RPT2 (E), or RPN11 (F) controlled by the TetO 7 promoter or carrying p415GPD-GFP-Pih1(282-344) and with RPN8 controlled by the TetO 7 promoter (G) were treated with DMSO or 10 g/ml doxycycline and then with 100 g/ml cycloheximide to inhibit protein translation. Equal amounts of cells were taken at different time points to examine the expression level of GFP fusion protein by immunoblotting using anti-GFP antibody. The proteasome core particle subunit Pre1 was FLAG-tagged, and the expression level of Pre1 was examined using anti-FLAG antibody as a control. The times treated with doxycycline are indicated in parentheses.
corresponding bands by mass spectrometry. It turned out that the pronounced bands are Rpn8 and Rpn9, two subunits of the 26S proteasome lid complex.
To confirm the mass spectrometry results, we analyzed R2TP and R2P complexes with immunoblotting. As shown in Fig. 3B , the Rpn8 signal is much more pronounced in the R2P complex purified from tah1⌬ cells. Reintroducing Tah1 to the tah1⌬ cells significantly reduced the association of Rpn8 with the R2P complex, whereas introducing an empty plasmid did not have any effect. Because Tah1 specifically binds to the C terminus of Pih1 (8, 12) , these data suggest that Tah1 might compete with Rpn8 for binding to the R2P complex and that Rpn8-Rpn9 may bind to the C-terminal fragment of Pih1.
Rpn8 and Rpn9 form a stable interaction when they are part of the proteasome lid with at least five other subunits (34, 35) . Our mass spectrometry analysis indicated that Rpn8 and Rpn9 were both associated with the R2P complex ( Fig. 3A) . To understand which subunit interacts directly with Pih1, we cloned, expressed, and purified individual Rpn8 and Rpn9 as well as a NusAHis 6 Pih1 fusion protein to increase the stability and solubility of Pih1 (36) . By using an in vitro pull-down assay, we observed that NusAHis 6 Pih1 was able to interact with purified Rpn8, but not Rpn9 ( Fig. 3C ), suggesting that Rpn8, not Rpn9, directly interacts with Pih1. A model was proposed and shown in Fig. 3D to indicate the binding between Rpn8 and the R2P complex.
The C-terminal Fragment Pih1(282-344) Is Sufficient for Rpn8 Interaction through Rpn8 C Terminus-Because the Pih1 C-terminal fragment contains two intrinsically disordered regions and multiple degrons, we tested which region of the Pih1 C-terminal fragment is required for binding to Rpn8. Interestingly, His 6 -tagged GFP fusion protein pull-down assays showed that both Pih1(231-344) ( Fig. 4A) and Pih1(282-344) (Fig. 4B ) were able to bind to Rpn8. These data suggest that the mechanism of Pih1/Rpn8 binding is different from the one between Pih1 and Tah1, because Tah1 binds to the CS domain of Pih1 (20) , and the fragment Pih1(282-344) alone is not able to bind Tah1 (8) .
Rpn8 contains an MPN domain and forms a stable dimer with Rpn11, and the MPN domains in both Rpn8 and Rpn11 are required for substrate deubiquitination during proteasomal degradation (37) . No atomic structure is currently available for any full-length proteasome lid subunit, but it was reported that all lid subunits have helical structures at their C termini, and the formation of a helical bundle drives the assembly of the lid subcomplex (38) . Rpn8 contains a relatively long C-terminal fragment, and the helical structure extends up to Asp 308 , leaving the extreme C-terminal 30 amino acids as a predicted intrinsically disordered region (Fig. 5A ). To understand how Rpn8 binds to Pih1 and furthermore the physiological function of this interaction, we constructed two Rpn8 C-terminal truncation mutants, Rpn8(1-308) and Rpn8(1-290), which both also have a 3ϫFLAG tag at their C termini. Affinity purification of the 26S proteasome indicated that Rpn8(1-308) exists with other proteasome subunits with a roughly 1:1 stoichiometry, a profile similar to that of the one purified using the FLAGtagged full-length Rpn8 (Fig. 5B ). However, affinity chromatography using FLAG-tagged truncation mutant Rpn8(1-290) predominantly co-purified subunits Rpn5 and Rpn9 and other subunits, such as Rpn3, Rpn6, Rpn7, Rpn11, and Rpn12, were also co-purified but at a much lesser extent, as shown by the overall coverage of the peptides analyzed using tandem mass spectrometry ( Table 2 ). These data suggest that Rpn8(1-290) does not associate with other subunits in the lid complex as stably as the full-length Rpn8 or Rpn8 (1-308) , and the C-ter- minal disordered region Rpn8(309 -338) is not required for the proteasome lid assembly.
To further understand the role of the Rpn8 C-terminal fragment, we fractionated the total cell lysates from yeast cells expressing different C-terminal truncation mutants by size exclusion chromatography. As shown in Fig. 5C , under the low salt condition with ATP, which preserves the 26S proteasome, the elution profile of the Rpn8(1-308)-containing complex, as detected by anti-Rpn8 antibody, is very similar to that of the non-truncated Rpn8(1-338)-containing complex. The Rpn8(1-290)-containing complex is eluted slightly differently; there seem to be more low molecular weight Rpn8(1-290) complexes. In the high salt elution condition, which promotes the disassociation of the 19S lid from the base, the Rpn8(1-308)-containing lid complex resembles more closely the wild type lid complex. In the control experiment, the elution profile of the proteasome base complex, as detected by the anti-Rpt1 antibody, did not show any difference in the two Rpn8 truncation mutants under either the low salt or the high salt condition. These data imply that the relative amount of the 26S proteasome in vivo or the assembly of the 26S proteasome might be slightly compromised in the Rpn8(1-290) strain.
Nonetheless, neither the strain with Rpn8(1-290) nor the one with Rpn8(1-308) showed any growth defect under normal growth conditions at 30°C. We therefore tested the tempera-ture sensitivity of Rpn8 truncation mutants at higher temperature. As shown in Fig. 6A , we only observed minor temperature sensitivity for Rpn8(1-290) cells and no obvious growth defect for Rpn8(1-308) cells in the W303 genetic background. Interestingly, the temperature sensitivity of Rpn8(1-290) is more pronounced in S288C cells (Fig. 6B ). With the application of canavanine to induce proteolysis stress, we also observed slight temperature sensitivity in the Rpn8(1-308) strain (Fig. 6B, bottom) . These data indicate that the Rpn8 C-terminal disordered region is not required for proteasome assembly but rather is needed for optimal growth under certain stress conditions. Intrinsically disordered regions are often involved in proteinprotein interactions (25, 39) . We therefore investigated whether the Rpn8 C-terminal disordered region binds directly to the Pih1 C terminus. Both Rpn8(291-338) and Rpn8(309 -338) were fused to the C terminus of GST, and in vitro pulldown analyses showed that Pih1(282-344) interacts with both Rpn8(291-338) and Rpn8(309 -338) ( Fig. 6C ), suggesting that the Rpn8 C-terminal disordered region is sufficient to bind Pih1.
Pih1(282-344) Induced GFP Degradation in a Ubiquitinindependent Pathway-Although Pih1 and Rpn8 interact through their C-terminal fragments, there does not seem to be a separate protein complex that is able to perform a specific yet unknown function. First of all, we only observed the association between Rpn8-Rpn9 and Pih1 in the absence of Tah1 (Fig. 3A) , presumably due to the exposure of the Pih1 C terminus. Identification of proteins within the Pih1 complex by mass spectrometry did not identify Rpn8 either (data not shown). Additionally, Pih1 does not seem to be a proteasome-associated protein or involved in proteasome assembly, because the 26S proteasome and its associated proteins have been extensively analyzed in yeast (40) , and Pih1 has not been identified as a robust proteasome-associated protein. Because Pih1 serves as a scaffold protein in the R2TP complex, which has multiple functions in vivo (9), we propose that such an interaction triggers proteasomal degradation of Pih1 in a ubiquitin-independent manner.
To elucidate the possible ubiquitin-independent mechanism of Pih1 degradation, we took advantage of the fast degradation of GFP-Pih1(282-344) in vivo (Fig. 1) and analyzed its degradation when the cellular polyubiquitination pathway is compromised. We introduced GFP-Pih1(282-344) into a uba1-204 strain that is defective in the polyubiquitination pathway at 37°C because of the temperature sensitivity of the E1 ubiquitin activation enzyme (29) . As shown in Fig. 7, A and B , degradation of DHFR ts , which is expressed from a Ub-R-DHFR ts cassette and a well documented ubiquitin-dependent proteasome substrate (41) , is completely inhibited. The degradation of GFP-Pih1(282-344), however, is only slightly affected under the same condition (Fig. 7, A and C) . This result suggests that degradation of GFP-Pih1(282-344) is primarily ubiquitinindependent.
There are five lysine residues within the Pih1(282-344) fragment to which the polyubiquitin chain could theoretically attach. To further explore the ubiquitin-independent degradation of Pih1, we mutated and replaced all five lysine residues within Pih1(282-344) to arginine, resulting in a Pih1(282-344⌬K) fragment. Interestingly, Pih1(282-344⌬K) induced a very similar, if not faster, degradation of GFP (Fig. 7D ). Although these data cannot rule out the possibility that there are polyubiquitination sites on the GFP moiety of the fusion protein, they indicate that no polyubiquitination site on the Pih1(282-344) fragment is required for the fast degradation of GFP-Pih1(282-344).
To further understand the mechanism by which Pih1 directly binds and gets degraded by the proteasome, we examined the direct interaction between Pih1 and the 19S particle. We analyzed the association of Pih1 in purified 19S complex or 26S proteasome by immunoblotting from normally grown yeast cells, but no significant binding of Pih1 was observed (data not shown). Nonetheless, we observed Pih1 association with the 19S complex after expressing extra Pih1 protein from a plasmid and using either Rpn8 or Rpn1 as bait to purify the 19S complex (Fig. 7E) . The Pih1 association with 19S complex was significantly reduced if the Rpn8 C terminus was truncated (Rpn8(1-308)FLAG in Fig. 7E ). Because Rpn1 is a base subunit and does not seem to form any assembly intermediate with Rpn8 (42), these data imply that Pih1 indeed interacts with the intact 19S complex, and the Rpn8 C-terminal fragment Rpn8(309 -338) is involved in this interaction. However, the weak interaction or high degradation processivity in vivo does not allow more in depth studies on the direct interaction under normal conditions.
Truncation of Rpn8 C Terminus Inhibited Pih1(282-344)mediated GFP Degradation in Vivo and Pih1 Degradation in Vitro-Because the C terminus of Rpn8 is required for binding to Pih1(282-344), we tested whether deletion of the Rpn8 C-terminal disordered region inhibits the in vivo degradation of GFP-Pih1(282-344). As shown in Fig. 8A and the quantitative analyses shown in Fig. 8C , the degradation of GFP-Pih1(282-344) is slower in the Rpn8(1-290) strain but not in the Rpn8(1-308) strain when compared with that in the wild type W303 strain. Interestingly, the degradation of DHFR ts , the ubiquitindependent model substrate, is unaffected in the Rpn8(1-290) mutant strain (Fig. 8, A and D) . It is likely that ubiquitin-dependent proteasomal degradation activity is not significantly affected in the mutant, whereas the ubiquitin-independent degradation of GFP-Pih1(282-344), specifically through the binding to the Rpn8 C terminus, is slightly impaired. Because truncation of the Rpn8 C terminus shows differential temperature sensitivity depending on the genetic background ( Fig. 6) , we reexamined the degradation of GFP-Pih1(282-344) in S288C strain in which the Rpn8 C-terminal disordered region Rpn8(309 -338) was deleted. Interestingly, we observed a significant inhibition of GFP-Pih1(282-344) degradation when Rpn8(309 -338) was truncated (Fig. 8, B and E) , whereas the degradation of ubiquitin-dependent substrate DHFR ts was not significantly affected (Fig. 8, B and F) .
To further confirm the role of the Rpn8 C-terminal fragment in binding and mediating the ubiquitin-independent degradation of Pih1, we purified the 26S proteasome from the yeast strain that expressed the C-terminally truncated and FLAG-tagged Rpn8 and used the purified proteasomes to degrade Pih1 protein in vitro. Equivalent amounts of the 26S proteasomes with either wild type Rpn8 or Rpn8(1-308), as shown by examining the protein levels of Rpt1 and Pre10 (Fig. 9A) , have similar peptidase activity in degrading the fluorogenic substrate suc-LLVY-AMC ( Fig. 9B ) and ubiquitinated DHFR (Fig. 9, C and E) . However, the purified 26S proteasome with Rpn8(1-308) degrades Pih1 protein at a much slower rate compared with the 26S proteasome containing wild type Rpn8 (Fig. 9, D and F) , thus supporting the in vivo degradation data ( Fig. 8) and further establishing the role of Rpn8 C-terminal fragment in directly mediating Pih1 degradation.
Discussion
The 26S proteasome is a macromolecular structure specialized to degrade misfolded or non-functional proteins that are marked by polyubiquitin chains. The 19S regulatory particle (RP) contains the ubiquitin chain recognition subunits Rpn10 and Rpn13 (43, 44) , and the base of the RP unfolds and threads the substrate into the 20S core particle for degradation. The polyubiquitin chain is cleaved by Rpn11 (31) or other associated deubiquitin enzymes (45) . In addition to recognition by RP, efficient degradation also requires a disordered initiation signal (46, 47) . In this study, we showed that Pih1(282-344) fragment binds to Rpn8 C-terminal fragment (Figs. 4 and 6C) and is sufficient to trigger GFP degradation in a ubiquitin-independent manner ( Figs. 7 and 8 ). This suggests that Pih1(282-344) functions as an autonomous degron, thus providing another example of a ubiquitin-independent protein substrate. Ubiquitinindependent proteasomal degradation has been observed for many proteins, such as ODC (L-ornithine decarboxylase) (48, 49) , thymidylate synthase (50 -52) , and the yeast transcription factor Rpn4 (53, 54) . The common feature of proteins degraded in a ubiquitin-independent manner is the presence of a disordered region that serves as a degron to both tether and initiate the unfolding (55) (56) (57) (58) . However, how the proteasome recognizes the disordered region is poorly understood. It has also been proposed that a disordered region with an adjacent helical structure in thymidylate synthase is required for the recognition by the 26S proteasome (50) . In addition to the 20S proteasome, which is able to degrade a significant amount of proteins with intrinsically disordered regions independent of ubiquitin (59), the 19S RP has also been shown to be required for the ubiquitin-independent degradation of tumor suppressor proteins (60) as well as NOXA, a sensor of the proteasome integrity in mammalian cells (61) . Additionally, some proteins can be degraded by both the 26S and 20S proteasome. However, the exact subunit that is required for and/or directly associated with the binding of ubiquitin-independent substrates is still unclear. By using siRNA knockdown, it has been reported that the regulatory particle base subunits Rpt5 and Rpt6 are required for the ubiquitin-independent degradation of topoisomerase II␤ (62) and the Frac1 in tumor cells (63) , whereas knockdown of the lid subunits Rpn11, Rpn2, and Rpn10 did not inhibit the degradation. This suggests that the unfolding process is required to facilitate both ubiquitin-dependent and -independent protein degradation, although these studies did not reveal the underlying mechanism of substrate recognition.
We identified the proteasome lid subunit Rpn8 as an interactor for Pih1, and the interaction is mediated through their C termini ( Figs. 4 and 6C) . In particular, we showed that C-terminal truncation mutant Rpn8(1-308) did not significantly impair the assembly of 26S proteasome (Figs. 5B and 9A) or the degradation of ubiquitin-dependent substrate both in vivo ( Fig.  8 ) and in vitro ( Fig. 9 ). Instead, the Rpn8(1-308) truncation significantly inhibited the degradation of GFP-Pih1(282-344) in vivo ( Fig. 8 ) and Pih1 in vitro ( Fig. 9 ), suggesting a role for the Rpn8 C-terminal fragment in the tethering and ubiquitin-independent degradation of Pih1. Taken together with the observation that purified 26S proteasome is able to degrade non-ubiquitinated Pih1 and the degradation being inhibited by the proteasome-specific inhibitors MG132 and lactacystin (Fig. 2) , we propose that the Rpn8 C-terminal disordered region, . Rpn8 C terminus is required for optimal cell growth and for the binding to Pih1. A, wild type W303 and cells expressing Rpn8(1-290) were diluted serially and grown at 30 and 37°C on YPD medium. B, wild type S288C and cells expressing Rpn8(1-290), Rpn8(1-308), or Rpn8(1-323) were diluted serially and grown at 30 and 37°C on YPD medium (top) or YPD medium supplemented with 30 g/ml canavanine (bottom). C, GST and GST fusion proteins GST-Rpn8(291-338) and GST-Rpn8(309 -338) were mixed with purified GFP-Pih1(282-344) and subjected to in vitro pull-down using glutathione-agarose. ␣-GFP antibody was used to detect the co-purified GFP-Pih1(282-344) protein and total input. ␣-GST antibody was used to detect GST and GST fusion proteins.
Rpn8(309 -338), acts as a receptor for Pih1 in the ubiquitinindependent pathway, especially when the HSP90 co-chaperone Tah1 is absent (Fig. 3D) . The Rpn8-Rpn11 complex is in close proximity to the gate of the AAAϩ family unfoldase of the proteasome base, to facilitate the deubiquitination of substrates (42) . The C terminus of Rpn8 is disordered, and its precise location is still unknown. It is plausible that Rpn8(309 -338) is in close proximity to the gate of the unfoldase, such that it could bind and direct ubiquitin-independent proteasomal substrates. It should be noted that deletion of Rpn8(308 -338) reduced the interaction between Pih1 and 19S complex, but the interaction is not completely abolished (Fig. 7E) . It is clear that tethering of 
Rpn8 Interacts and Targets Pih1 for Proteasomal Degradation
Pih1 to the 19S complex through Rpn8 C terminus is probably only one of the mechanisms to degrade Pih1 in vivo. As also shown in Figs. 8 and 9 , even with deletion of the Rpn8 C terminus, degradation of GFP-Pih1(282-344) was slowed down but not completely blocked. It would be interesting to further investigate the other pathways by which Pih1 is degraded in vivo. Additionally, it would be worth investigating the binding interface between Pih1 and the 19S complex with other tech-niques, such as using chemical cross-linkers that may better reveal weak interactions. Yeast cells expressing Rpn8(1-308) or Rpn8(1-290) grew as well as wild type cells under permissive temperature (Fig. 6, A  and B, left) , although the integrity of the 26S proteasome was not well preserved in Rpn8(1-290) cells. This is probably due to the fact that 26S proteasome is very abundant within the cells, and the growth defect is only visible when normal cellular pro- tein homeostasis is challenged. In our study, cells expressing Rpn8(1-290) showed a severe growth defect at 37°C, whereas cells expressing Rpn8(1-308) only showed slight temperature sensitivity at 37°C when the protein degradation machinery is stressed by canavanine ( Fig. 6 ). If the Rpn8 C-terminal fragment is a common receptor for multiple ubiquitin-independent substrates, it will provide only a supplementary, rather than a major, role in degrading abnormal proteins. However, we cannot rule out the possibility that ubiquitin-independent protein degradation via interaction with the Rpn8 C terminus might play a significant role in specific cell types or growth conditions. For example, most known proteins that undergo a ubiquitinindependent degradation pathway play critical regulatory roles, and many of them are oncoproteins or oncosuppressor proteins that are specifically degraded in fast dividing cancer cells (64, 65) . The high energy demand of cancer cells may partially limit the energy-consuming polyubiquitination pathway and promote ubiquitin-independent degradation of oncoproteins and/or oncosuppressor proteins. Particularly, we did not observe temperature sensitivity for the Rpn8(1-308) mutant in the W303 strain but saw the temperature sensitivity for the Rpn8(1-308) mutant in S288C (Fig. 6 ). The commonly used S288C haploid cells contain an abnormally low amount of cytochrome c and assimilate several carbon sources at reduced rates (66) , and some have a defect in mitochondria respiratory function due to the his3-⌬200 allele (67) . Moreover, a previous study showed that C-terminal truncation of Rpn11 caused proteasome instability and mitochondrial morphology defects, and overexpression of Rpn8 corrected the proteasome instability defect but not the mitochondrial malfunction (68) . Taken all FIGURE 9 . The C terminus of Rpn8 is required for efficient degradation of Pih1 in vitro. A, 26S proteasomes purified using FLAG-tagged Rpn8 and Rpn8(1-308) show similar subunit composition. Equivalent amounts of the proteasomes were resolved by SDS-PAGE and stained by Coomassie Brilliant Blue (top) or immunoblotted with ␣-Pre10 and ␣-Rpt1 antibodies (bottom). The Rpn8FLAG and Rpn8(1-308)FLAG proteins are indicated by open circles. B, peptidase activity of 26S proteasomes with wild type Rpn8 or Rpn8(1-308) as measured using suc-LLVY-AMC. C and D, in vitro degradation of UB4DHFR (C) and Pih1 (D) with equivalent amounts of 26S proteasomes. ␣-Ubiquitin and ␣-Pih1 antibodies were used to detect the remaining UB4DHFR and Pih1, respectively. ␣-FLAG antibody was used to detect the Rpn8/Rpn8(1-308). E and F, quantitative analysis of UB4DHFR (E) and Pih1 (F) degradation. 26S proteasomes purified with wild type Rpn8 and Rpn8(1-308) are labeled with circles and squares, respectively. Immunoblotting signals were quantitated using ImageJ software. The error bars represent S.D. from at least three independent degradation assays.
together, we propose that the Rpn8 C terminus might harbor a specific role that is more pronounced when the nutrition or energy status of the cells is challenged.
In agreement with the possible energy/nutrition status-regulated function of Rpn8, it was recently reported that the chaperone-like activity of R2TP in regulating the snoRNP complex assembly is modulated by the cell growth stage and the nutrition status (11) , and the R2TP complex is even proposed to have functions in tumorigenesis (69) . When yeast cells are in the fast growing stage, R2TP is mainly localized in the nucleus to regulate snoRNP assembly. Under nutrient limitation, it is located more in the cytoplasm. Similar to the R2TP complex, the majority of the 26S proteasome is also located in the nucleus (70) . The biogenesis of the 26S proteasome starts with the assembly of subcomplexes within the cytoplasm. The subcomplexes are then transported separately to the nucleus, where they are assembled to the 26S proteasome in a modular manner (71) . Similar to the growth stage-regulated subcellular localization of R2TP complex, the proteasome subcomplexes are also mainly trapped within the cytoplasm at stationary growth stage and transported to the nucleus during active cell proliferation (72) . This implies that the cellular protein homeostasis, ribosome biogenesis, and cell growth are well coordinated and tightly regulated. In this study, we demonstrated the direct interaction between Pih1 and Rpn8 and showed that yeast cells expressing C-terminally truncated Rpn8 are temperature-sensitive, especially in cells prone to respiratory deficiencies. This study therefore provides a novel link that may coordinate the different cellular regulatory pathways and it deserves further investigation in the future. 
